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A B S T R A C T
The West African coastal barrier is maintained by significant wave-driven longshore sand transport. This sand originates from rivers and large coastal sand deposits. Today, however, much of the fluvial sand is trapped behind river dams and/or interrupted at several locations by port jetties. As a result, the sandy coastal barrier is eroding almost everywhere along its length. The aim of this study is to derive a large-scale sediment budget analysis, following a consistent approach, for the following countries: Republic of Côte d'Ivoire, Ghana, Togo and Benin, and pointing out the effects of major human interventions and climate change in this large common sediment system. The results are used as a basis to raise awareness among local governments and organizations on the effects and interdependency that major anthropogenic interventions (i.e. port jetties and river dams) and climate change (i.e. sea level rise, changes in wave climate, precipitation and temperature) may have on this shared sediment system. These detrimental effects can even occur in neighboring countries, as shown by some of the results. This estimation was carried out using a quantitative approach, based on one consistent numerical modelling system and validated with regional and local data.
Based on the outcomes of the study, and with the support of a number of validation workshops in the different countries, suggestions are also provided for the setting up of a regional sediment management plan for the entire region.
Introduction
Coastal areas and deltas around the world consist of sediments, which are mainly supplied by rivers that transport them from upstream catchments. Sediments are transported in a dynamic way as they move down rivers and along the coast, driven by the predominant flow conditions. This transport is essential to keep coastlines in morphodynamic equilibrium. However, an unbalance between sediment supply and demand may lead to the erosion of coastal sections that were historically stable. The dominant factors which affect sediment balance are shown in Fig. 1 . The most important anthropogenic interventions are major river dams, ports, coastal protection works, and sand mining activities. In addition, other factors affecting the coastal sediment budget are the presence of submarine canyons close to the coastline, but also sea level rise and climate change (Syvitski et al., 2009) .
The West African coast is a typical example where, nowadays, most fluvial sand is retained behind river dams and/or interrupted at several locations by port jetties. As a result, the sandy coastline is eroding almost everywhere. This coastal zone is also home to about 31% of the West Africa's population, and this figure is expected to rise. Urban population growth in the region is increasing at an annual rate of 4% (i.e. almost twice the worldwide average) (World Bank, 2016) . Moreover, the problem becomes even more critical when considering that the coastal zone is the source of 56% of West Africa's GDP.
The problem of coastal erosion was investigated by UNEP in 1985 (UNEP, 1985 . Since then, numerous studies have been undertaken (Tilmans et al., 1991; Allersma and Tilmans, 1993; Degbe, 2009 ). In particular, UEMOA (2011 UEMOA ( , 2015 has carried out a regional study for shoreline monitoring with the goal of developing a management plan https://doi.org/10.1016/j.ocecoaman.2017.11.008 Received 26 February 2017; Received in revised form 2 November 2017; Accepted 14 November 2017 for the coastal area. Wognin (2004) , Abe (2005) , and Wognin et al. (2013) described the shoreline changes in Côte d'Ivoire. In particular, using satellite images and photography, Wognin et al. (2013) showed how the port of Abidjan was responsible for erosion rates of about 1.5 m/year on the lee-side of the structure.
Changes in coastline position in Ghana were assessed by Ly (1980) , Wiafe (2011) and Boateng (2012) . Ly (1980) pointed out the role of the Akosombo dam and also the ports on the observed shoreline changes. Wiafe (2011) used satellite remote sensing to propose a zonation of the coastline, characterized by different rates of shoreline changes. The author stated that the Western Ghana is eroding at an average rate of 1.58 m/year, with a considerable variation along the coast. Boateng (2012) carried out a study based on GIS techniques and field observation covering 203 km of the 540 km Ghana coastline. Averaged erosion values were found ranging between 1.6 m/year in the western part, 2.7 m/year in the central part, and 3.9 m/year in the eastern part. Jonah et al. (2015) assessed the yearly sediment loss and consequent coastal erosion due to beach sand mining activities along the coastline of Cape Coast. According to the authors, sand mining is the main cause of erosion along the coastline of Cape Coast.
The coastal system in the Bight of Benin (i.e. which include Togo and Benin) have been largely influenced by the construction of the Akosombo dam on the Volta River in 1961 and the construction of the deepwater port of Lomé (Anthony and Blivi, 1999) . Laïbi et al. (2014) pointed out how the deepwater ports constructed in the Bight of Benin and the Akosombo dam resulted in the destabilization of the former single drift cell on this coast. Kaki et al. (2011) discussed the evolution of the coastline in Benin as a result of the construction of the port of Cotonou. The study is based on detailed analysis of remote sensing data and verified with ground truthing, for period 1963 up to 2005. Shoreline changes of nearly 500 m were observed within the period of observation (i.e. accretion west of the port and erosion on the eastern side).
Although these previous studies are valuable as a first assessment of the on-going erosion problems, no consistent overall analysis of the regional sediment budget of the West African coastal system is available. The present study's main objective is to develop a quantitative and consistent large-scale sediment budget for the West African coastal system (i.e. Côte d'Ivoire, Ghana, Togo and Benin) based on a single numerical modelling framework. The study provides quantitative information of the potential longshore sediment transport, assuming sufficient sediment supply. Furthermore, the modelling framework is utilized to provide estimates of the effects that major man-made interventions and climate change may have on this potential longshore sediment transport and consequent shoreline changes.
The paper comes with a freely available database of nearshore wave conditions for the entire West African coast:
http://opendap.deltares.nl/thredds/catalog/opendap/deltares/ publications/Giardino_2017/catalog.html and a coastal viewer:
http://v-web004.deltares.nl/africa/africa/ A. Giardino et al. Ocean and Coastal Management 156 (2018) 249-265 2. Materials and methods
Study area
Côte d'Ivoire, Ghana, Togo and Benin are located on the West African coast (Fig. 2) . In the South, the countries are bordered by the Gulf of Guinea, while in the North they are backed by the African continent, from which several rivers originate and descend into the ocean. The total length of the coastline is about 1300 km, ranging approximately between 7.5°W and 2.7°E in longitude, and developing around the 5-6°N parallel.
Two main geomorphological units can be distinguished: the concave coast between Cape Palmas and Cape Three Points in Côte d'Ivoire and Ghana (≈from long. 7.5°W to 2°W) and the coast from Cape Three Points on the border between Benin and Nigeria (≈from long. 2°W to 2.7°E), which continues until the Niger delta.
The continental shelf is narrow, with widths of 20-25 km along Côte d'Ivoire and the coasts of Togo and Benin, and 20-80 km between Cape Three Points and the Volta Delta. A submarine canyon exists off the Canal de Vridi in Côte d'Ivoire, the so-called "Trou Sans Fond" (long. ≈ 4°W). Generally, the coastal area is low, with the 100-m contour at a distance of 25-100 km inland (Allersma and Tilmans, 1993) . Steeper coasts with rocky outcrops and pocket beaches exist in the most western part, between approximately longitude 7.5°W and 5.8°W, and between approximately 2.3°W to 1.6°W.
The Guinea current flows offshore from west to east. Its mean velocity varies between 1 m/s (max. 1.5 m/s) in summer, and 0.5 m/s (max. 0.75 m/s) in winter and it becomes weaker moving east (Allersma and Tilmans, 1993) . The phase of the semi-diurnal tide is uniform along the coast, with an average range of about 1 m. The wind climate is generally characterized by a persistent south-westerly monsoon modified by land and sea breezes in the coastal area. Waves reaching the coast have two main origins: wind-waves generated by the weak, local monsoon; and swell-waves, generated by storms in the southern part of the Atlantic Ocean. The average significant wave height is 1.36 m with a peak period of 9.4 s and a dominant SouthSouth West Direction (189°) (Almar et al., 2015) . The seasonal modulation of swell waves is weak, with wave height peaking at 1.6 m during austral winter. On the contrary, the annual average wind wave height is smaller (0.4 m) and the direction is more oriented from the west (215°). Allersma and Tilmans (1993) reported values of longshore sediment transport generally eastward directed, and ranging between 0 up to 1.2 million m 3 /year, depending on the location. Values within the same order of magnitude have been reported by other authors (e.g. Tilmans et al. (1995) ; Anthony (1995) ; Anthony and Blivi (1999) ; Almar et al. (2015) . According to Almar et al. (2015) , the contribution of swell waves to gross annual longshore transport is one order of magnitude larger than that due to wind-waves. In all these studies, estimates of longshore transport are based on simple empirical formula or measurements of shoreline evolution near major port breakwaters. Neither a full wave modelling study for the entire study area, nor a comprehensive sediment transport and shoreline model were used in the previous studies.
The climate along the coast of West Africa is equatorial, with considerable differences in the amount and seasonal distribution of the precipitation (Allersma and Tilmans, 1993) . Rains of more than 2000 mm per year feed tropical rain forests along Côte d'Ivoire and in West Ghana. There are two maxima (May-June and October-November) . The eastern part of the coastline is considerably drier than the western part. From West to East, the main rivers contributing to the coastal sediment budget are: Sassandra, Bandama and Comoé (Côte d'Ivoire), Pra, Volta (Ghana), Mono (Togo), Oueme (Benin). The Volta River has, by far, the largest discharge of all other rivers in the region. A. Giardino et al. Ocean and Coastal Management 156 (2018) 249-265 According to Anthony et al. (2016) , the discharge varied between a low of 1000 m 3 /s in the dry season and a high of over 6000 m 3 /s in the wet season before completion of the Akosombo dam.
Overview of the main anthropogenic interventions
In this section, the most important anthropogenic interventions which have impacted this sediment balance are described: ports and river dams.
Other forms of anthropogenic intervention may also modify the coastal sediment budget, for example: changes in land use in the river basins, local dredging and dumping of sand, coastal defences (e.g. groynes, seawalls, nourishments, etc.). However, those types of interventions have not been considered as part of this study.
Main ports
The general effect of harbour jetties on the shoreline evolution is to block (part of) the longshore transport, inducing accretion at the upstream side of the structure and erosion on the leeside. In addition, more complex two-dimensional effects can be observed close to the harbour.
Several ports have been built during the years along the coast of Côte d'Ivoire, Ghana, Togo and Benin. An overview of the main ports is shown in Table 1 .
Interventions on the main rivers
River dams affect the coastal sediment budget in different ways. Rivers tend to carry sediment from the upstream catchments, allowing for the formation of depositional features such as river deltas, alluvial fans, braided rivers, and beaches. The construction of a river dam first of all will reduce or block the flow of sediment downstream of the dam. The direct consequence is downstream erosion, which can extend for tens of kilometres downstream of the dam. In addition, river dams also modify the hydrograph of the rivers (e.g. decreasing the peaks in river flows and increasing the base flow). Peaks in river flows generally bring the largest contribution of sediment downstream and, in particular, the coarsest fraction. This coarsest sand and gravel fraction is often the most important building component of many beaches around the world (see e.g. Giardino et al., 2015) . An overview of the main dams built within the study area is given in Table 2. 2.3. Input data 2.3.1. Bathymetry
The depth information was obtained primarily from the GEBCO (General Bathymetric Charts of the Ocean, http://www.gebco.net/) global bathymetric data sets. The GEBCO's gridded bathymetric data sets are global terrain models for ocean and land; data is provided at a global 30 arc-second interval grid. In order to improve the data accuracy in the area closer to the coast, the depth information was supplemented with higher resolution data retrieved after digitalization of several admiralty charts (num. 1362, 3100, 1383, and 1384).
Wind and waves
ECMWF (European Centre for Medium-Range Weather Forecasts, http://www.ecmwf.int/en/research/climate-reanalysis/era-interim) ERA-Interim wind and wave data were used in this study. In particular, the most recent reanalysis of these data (Dee et al., 2011) . The data are 6 hourly, starting from 1979 and are available on a global grid with a resolution of about 0.75°× 0.75°. The data contain information on wind speed (U10), wind direction as well as on wave conditions (i.e. wave height, period and direction).
Altimeter data were used for calibration of the ERA-Interim dataset. As a consequence of this calibration, ERA-Interim wave heights were increased by 10% while the wave periods were increased by 4.8%. Fig. 3 shows the wave roses off the West African coast derived based on the ERA-Interim dataset. The figure clearly shows that most of the waves are directed from southerly direction with a clockwise rotation moving towards the east.
Shoreline evolution data based on satellite images
Shoreline evolution data were derived based on Landsat Satellite Images, using an automated procedure that detects the presence of water or land (Donchyts et al., 2016) . Those data were used for calibration of the shoreline model. In particular, satellite data near major ports were analyzed for the period 1985-2015 and compared with the output from model data, using the 1985 as reference shoreline. Future shoreline changes were predicted by using the 2015 shoreline as reference line.
Sea level rise
Sea level rise (SLR) affects the coastal sediment budget in multiple ways: on the one hand SLR leads to coastal recession in general which can be roughly estimated based on the Bruun rule (Bruun, 1962) . According to the Bruun rule, the shoreface profile moves upward by the same amount as the rise in sea level, through erosion of the upper shoreface and deposition on the lower shoreface. The validity of the Bruun rule has been questioned in literature (e.g. Cooper and Pilkey, 2004; Ranasinghe et al., 2012) but it is still widely used for first order assessments of the effects of SLR such as in this study.
On the other hand, SLR also contributes to an increase in wave height due to a reduction in wave dissipation of waves propagating towards the shore.
In order to investigate the relative effects of SLR on the nearshore sediment budget, two scenarios were assessed. A lower scenario characterized by a SLR of +0.3 m and an upper scenario characterized by a SLR of +1.0 m. The first scenario roughly corresponds to a RCP (Representative Concentration Pathways; IPCC, 2013) 4.5 scenario (0.05 percentile), and the latter roughly corresponding to a RCP 8.5 scenario (95 percentile). In particular, SLR values at one location off the coast of Ghana for the year 2100 (−1.5°W, +3.5°N) were used.
Changes in wave conditions due to climate change
The effect of predicted changes in wave conditions was estimated based on Hemer et al. (2013) . According to the study, an increase in wave height up to 3% and a clockwise rotation up to 2°can be expected by the end of the century for the time period 2070-2100 in the West Africa region, when compared to the present climate (time period 1979-2009).
Changes in temperature and precipitation due to climate change
Climate change may affect the future hydrology of the river catchments which, in turn, may impact the sediment input towards the coastal system. For example, an increase in temperature may lead to an increase in evapotranspiration and therefore lower river discharges and a decrease of transported sediment towards the coastal system. Furthermore, an increase in precipitation, according to Dendy and Bolton (1976) , could lead to more extensive ground cover by vegetation and therefore lower sediment yields. A. Giardino et al. Ocean and Coastal Management 156 (2018) 249-265 In particular, the following processes related to climate change in the river catchments were investigated as part of this study: changes in temperature, precipitation and evapotranspiration.
2.3.6.1. Temperature. According to Christensen and Christensen (2007) , the temperature may increase from 2°to 6°by 2100. In this paper, we consider an increase in temperature of 6°by 2100 for the period 2070-2100 as worst-case scenario.
2.3.6.2. Precipitation. Future trends in precipitation are under debate. Following Sultan et al. (2013) we consider two different scenarios, with an increase and a decrease of 20% respectively in precipitation for the period 2070-2100.
2.3.6.3. Potential evapotranspiration. The future potential evapotranspiration was estimated for the year 2100, according to the method described in Lu et al. (2005) and using as input the temperature at the end of the century as scaling parameter.
Numerical models 2.4.1. Modelling chain and simulated scenarios
The modelling chain includes:
• A set of nested wave models • A sediment transport and shoreline evolution model, including the sediment input from the major rivers as source term to the coastal sediment budget
A list of the most relevant scenarios, is provided in Table 3 . For a full description of all simulated scenarios the reader is referred to Giardino et al. (2017) .
Wave modelling
The wave modelling was carried out with the Delft3D-WAVE (SWAN) model, (Holthuijsen et al., 1993; Booij et al., 1999) . SWAN is a third-generation shallow water wave model, which solves the discrete spectral action balance equation. The model accounts for the effects of wind growth, wave dissipation due to whitecapping, bottom friction, wave breaking, non-linear wave-wave interactions, wave refraction and shoaling.
The wave propagation from offshore to nearshore was resolved based on one overall coarse model and 15 nested models, as shown in Fig. 4 . The overall grid is set up in spherical coordinates (WGS84, EPSG: 4326) and extends from approximately −10 to +6°in longitude and between +3 and +6°in latitude. It has a grid size of approximately 1000 m in both cross-shore and longshore direction. The detailed grids have a finer resolution of 50 m in cross-shore and 100 m in longshore direction.
In order to determine the nearshore wave climate with limited computational time, the offshore wind and wave time series from the ERA-interim dataset was first reduced to a set of conditions representing the annual climate. In particular, wind and wave data time series were reduced to 139 separate classes, based on wave height (classes of 0.25 m), wave direction (classes of 10°) and wind direction (classes of 10°). Those conditions were propagated from offshore to nearshore based on separate stationary SWAN computations through the coarse model and the 15 nested models. Based on those conditions, relationships were established (i.e. transformation matrix), between A. Giardino et al. Ocean and Coastal Management 156 (2018) 249-265 offshore conditions and nearshore conditions along the entire coast.
Those relationships were applied to transform the complete offshore wave time series for the period 1979-2014 to nearshore, and finally used as input to the shoreline modelling.
Shoreline modelling
The longshore sediment transport and shoreline modelling was carried out with the UNIBEST-CL+ modelling package (Deltares, 2011) . The model computes the potential longshore sediment transport generated by local wave and flow conditions, and as a function of coastal (e.g. coastal orientation, slope) and sediment (e.g. grain size) characteristics. The use of the term 'potential' here means that the model computes the volume of sand that may be moved longshore by the local hydrodynamic conditions, assuming that this volume of sand is available from upstream.
The shoreline evolution is then derived as a result of gradients in longshore transport. The longshore transport computations are executed for 72 selected locations along the West African coast, with wave input data extracted from the 15 detailed SWAN models. The direction, magnitude and distribution along the cross-shore profile of sediment transport are calculated for the 139 nearshore wave classes individually and then added up to determine the total net transport. Sediment transport computations are performed based on the Van Rijn-1992 sediment transport formula (Van Rijn, 1984a,b) . According to this formula, the total transport consists of a bottom transport and a suspended transport component. Transport rates depend on the sediment characteristics as well as the shear stresses induced by the combined action of current and waves.
One uniform sediment size (D 50 = 250 μm) was used for the entire region. This assumption was necessary given the large extension of the study area and in order to avoid discontinuities in the longshore transport and shoreline modelling computation.
Sediment input from rivers
Sediment input from the major rivers was included in the UNIBEST-CL+ model as source term. The sediment yield for each river basin was estimated based on the Dendy and Bolton (1976) formula, which relates the mean annual runoff and the catchment area to the sediment yield. The mean annual runoff for the different river catchments was computed based on a large-scale hydrological model, implemented in the distributed hydrological modelling platform wflow, based on the wflow_sbm code (Schellekens, 2013; Lopez Lopez et al., 2015; Jeuken et al., 2016) . Forcing data for the hydrological simulations (i.e. precipitation and potential evapotranspiration) have been extracted from the WFDEI dataset (Weedon et al., 2014) . The sediment inputs were compared to the values reported by Allersma and Tilmans (1993) showing values in the same order of magnitude (Table 4 ). In reality, only the coarser fraction (sand and gravel) of the total sediment load contributes to the sediment volume forming the beach. In this study, the sand fraction is assumed to be 10% of the total sediment yield estimated based on Dendy and Bolton (1976) , and in line with other estimates from previous literature (Allersma and Tilmans, 1993) . It has to be stressed that these values are just an estimate for all river catchments, as precise measurements of sediment load for all rivers in the region are not possible.
When the river flow enters a reservoir, its velocity and hence transport capacity are reduced and the sediment load is deposited in the reservoir. Often, more than 90% of the incoming sediment load is trapped and deposited in horizontal strata or thin bands across the bottom of the reservoir (Van Rijn, 2005) . Different methods exist to operate and manage sedimentation in reservoirs, which also results in different trapping rates.
The major rivers in the study area have been dammed. The trapping efficiency of the major reservoirs was estimated by means of the Brune (1953) formula, based on the mean annual runoff and the reservoir capacity. The values were compared with values obtained based on the Brown (1944) formula. Estimated trapping efficiency values for all different dams are shown in Table 5 . When different dams exist on the same river, the overall trapping efficiency is obtained by multiplying the trapping efficiency of each single dam. This trapping efficiency was used to scale the total sand fraction brought from the river towards the coast in the reference situation. This is an approximation as in reality, the river will adjust morphodynamically to the reduction in sediments, causing the eroded bed sediments to compensate for this deficit (Kondolf et al., 2014) . Therefore, the reduction in sediment yield due to the dams will only be noticeable at the river mouth after a few decades. In addition to this, the reduction of flood peaks caused by the dams will also result in a decrease of the carrying capacity of the rivers, during the flood season. This effect has not been accounted for in these calculations but it could lead to an even more critical situation than the one Fig. 4 . Overview of the computational grids used for the wave modelling. Blue: overall grid; red: nested detailed grids. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) A. Giardino et al. Ocean and Coastal Management 156 (2018) 249-265 estimated. In order to properly account for these effects, detailed morphodynamic models of each river would be required.
Results

Wave modelling
The computed mean significant wave height along the entire coast is shown in Fig. 5 . The figure shows how the wave height in general decreases from West to East with a minimum near the Keta Lagoon due to wave sheltering effect from the delta of the Volta River. The wave roses, for one of the nested wave models near the Keta lagoon, are also shown in Fig. 6 . The information derived from the nested models can also be freely downloaded at the following link: http://opendap.deltares.nl/ thredds/catalog/opendap/deltares/publications/Giardino_2017/ catalog.html.
3.2. Sediment transport and shoreline evolution 3.2.1. Model validation. Period: 1985 Period: -2015 The sediment transport and shoreline evolution model was calibrated and validated using, as hindcast period, the time-span 1985-2015. In particular, the calibration procedure included a sensitivity analysis of predicted transport rates as a function of changes in sediment size and sediment transport formula. The simulated potential longshore transport derived from the calibrated model is shown in Fig. 7 . In the same figure, values used for model calibration and derived both from literature and the shoreline analysis based on satellite images, have also been included. A zero value in shoreline position (Xaxis) in the figure is located at the border between Liberia and Côte d'Ivoire.
Model results indicated that the model is capable of capturing the large-scale potential transport rates and directions, which are in the same range compared to the data obtained from literature and the shoreline analysis. Most of the potential transport is eastward directed and ranges between 0 and 1.5 million m 3 /year. The transport direction reverses west of Cape Three Point due to the change in coastline orientation. When comparing with single validation points, we can see that the model represents accurately the transport rates west and east of Abidjan. Also the zero value in longshore transport in the eastern part of Côte d'Ivoire is well reproduced by the model. At the delta of the Volta river, the complete range of transport rates is covered by the model. Some differences can be observed at the port of Lomé and east of the Cotonou, with the model underestimating the longshore transport rates reported in literature and from the shoreline analysis. A possible reason for this discrepancy is that the values used for model validation actually estimate longshore transport rates as a result of shoreline changes induced by the presence of jetties, groynes, etc., however excluding the presence of other human activities (e.g. port dredging, leeside nourishments, sand mining from the beach, etc.). Other discrepancies may be due to the simplifications necessary in the development of the large-scale model schematization, meant to capture the A. Giardino et al. Ocean and Coastal Management 156 (2018) [249] [250] [251] [252] [253] [254] [255] [256] [257] [258] [259] [260] [261] [262] [263] [264] [265] large-scale sediment longshore transport along the West African coast. Among others, a uniformly applied sediment size and equilibrium profile, and a schematized coastline, from which small scale details have been removed. At locations where pocket beaches are present, differences can be found between model results and actual transport rates. Small-scale pocket beaches are in fact not resolved by the model and are generally characterized by very small longshore transport rates. For example, the potential large computed transport rates at Cape Three Points, is related to the assumption of the fine grain size (D 50 = 250 μm) and the unlimited supply of sand in the model. In reality, the coast here consists of rocky capes with alternating pocket beaches. The pocket beaches can be sheltered for wave impact due to the capes; moreover, the capes consist of rocky material. Therefore, the actual transport rates are expected to be smaller.
As an example, a comparison between measured shoreline changes based on analysis of satellite data and predicted changes based on numerical model results (in m/year), at the port of Lomé, are shown in Fig. 8 .
The figure shows that the accretion up-drift, and the erosion downdrift of the jetty are both well reproduced by the model. The maximum simulated rate of accretion just up-drift of the jetty is 15 m/yr. According to Anthony and Blivi (1999) , the maximum rate of accretion here was up to 1 km over a period of 30 years (i.e. 30 m/year). Therefore, at first sight, the modelled accretion rate appears to be underestimated. However, the modelled period here does not coincide with the time period considered in Anthony and Blivi (1999 ) (i.e. 1985 . In general, accretion tends to slow down when the shoreline reaches the top of the breakwater because of the increase in bypass around the port. Therefore, the maximum value of 15 m/yr seems appropriate. Just down-drift of the port, the coast is protected by a revetment at the location of the port, therefore any further potential erosion is now prevented and shifted downdrift. Further downdrift the rate of erosion is in the order of few meters per year, as also shown by the model.
Based on the presented validation results, it is concluded that the model has sufficient skill to investigate the scenarios outlined in Section 3.2.2.
Model prediction.
Period: 2015-2045 3.2.2.1. Reference scenario. In this section, the calibrated model was used to assess the future shoreline evolution using, as a basis, the shoreline of 2015. The simulation was carried out for a period of 30 years (i.e. from 2015 until 2045) and assuming the presence of major structures along the coastline and on the main rivers, as in the current situation.
The results of this simulation are shown in Fig. 9 . The Figure shows very similar patterns as already observed in Fig. 7 for the hindcast simulation. Potential transport rates are generally eastward directed and range approximately between 0 and 1.5 million m 3 /year. Near Cape Three Points, the longshore transport reverts direction (i.e. from East to West). The presence of the major ports (i.e. Abidjan, Lomé and Cotonou), with consequent coastline reorientation, results in a decrease of the transport rates which reduces to nearly zero in the vicinity of the ports. The effect of the major ports is assessed in the next section.
Effects of man-made interventions
3.2.2.2.1. Major ports. In order to assess the effect of the major ports on the shoreline evolution, a simulation was carried out in which all major ports were removed from the model, for the same simulated period (i.e. 2015-2045) . The results of this simulation were compared to the reference scenario, in order to assess the relative impact that these ports have had on the shoreline evolution (Fig. 10) . In particular, the panel above shows the longshore transport patterns both, for the reference situation and for the situation where ports have been removed. The panel below shows the relative difference between the two computed longshore transport rates. The simulation shows that the interruption of the longshore transport caused by the jetties of the ports in the reference situation is considerably reduced by removing those jetties. However, an interruption can still be noticed. This is due to the configuration of the coastline that has adjusted to the presence of the ports in the past decennia and which therefore will act as an obstruction to the longshore transport in the first decades after removing the ports. However, without the presence of these hard structures, the coastline will tend to smooth out in time and readapt to the pre-existing situation (i.e. before port construction). A. Giardino et al. Ocean and Coastal Management 156 (2018) 249-265 Although the port of Abidjan is quite large, the relative effect of the port on the longshore transport here is smaller. This is due to the relatively low estimated longshore transport rates at this location. On the contrary, the port of Lomé has a substantial effect on the transport rates. The transport rates are very large at this stretch of coast. Therefore the disturbance induced by the port leads to a large variation in the longshore transport patterns, both in magnitude and distance along the coast. The disturbance induced by the port to the longshore transport continues roughly for about 50 km (i.e. beyond the border between Togo and Benin). The port of Cotonou causes a substantial disturbance of the longshore transport pattern as well, however more limited in space, extending for about 30 km.
The model was also used to assess the expected shoreline changes resulting from the removal of the major ports (Fig. 11) . This hypothetical calculation was carried out to describe implicitly, the present impacts of the ports on the shoreline. These results can also provide an indicative evaluation of the effects of the use of a sediment by-pass system that could bring the sediments from one side to the other one of each port. Fig. 11 shows that by removing the ports, the coastline will start eroding updrift of the former ports and the increased sediment availability will cause accretion at the down-drift side. The coastline will continue to adjust to the new equilibrium situation until there are (hardly) any gradients in the transport pattern. This new situation will be close to the situation before port construction. The adjustment will occur at a quick rate of approximately 10-20 m/yr. The adjustment of the coast down-drift of the port of Lomé, for example, continues for nearly 50 km, in accordance to the changes in longshore transport as shown in Fig. 10. 3.2.2.2.2. Major river dams. In order to assess the effect of river damming on predicted shoreline changes, a scenario was simulated assuming the absence of dams on the rivers (i.e. no sediment trapping) and compared to the reference scenario.
The resulting longshore transport pattern is shown in Fig. 12 (top  panel) . The bottom panel shows the difference in transport between this scenario and the reference model. It can be seen that the increased sediment availability cause a decrease in the magnitude of transport updrift of the river outlets, and an increase downdrift, due to the tendency of delta formations at the mouths of the rivers. The difference between the two curves shows that changes are the largest at the Volta River. The sediment yield at the Volta catchment is in fact the largest. Moreover, the presence of several dams in the present situations blocks a large amount of the total sediment yield. Therefore, the relative effect of removing the dams will be bigger at this location.
The relative coastline changes, with respect to the reference scenario, induced by the removal of the dams will reflect on a coastline progradation near the river outlets (Fig. 13) . The accretion rate varies between 1 m/yr (Sassandra and Mono river) up to 6 m/yr (Volta river). The build-up of small deltas explains the reorientation of the coast and consequently the decrease in transport updrift of the deltas (Fig. 12) . However, in reality, the processes of delta formation will also be influenced by cross-shore transport processes, which are not included in the present coastal evolution model set-up.
3.2.2.3. Effects of climate change. Period 2070-2100. The effects of climate change on the coastal sediment budget are compared with the reference coastal evolution model. In particular, the following scenarios are simulated, as summarized in Table 3: • Effects of sea level rise and changes in offshore wave climate on longshore transport patterns and resulting shoreline variations.
• Effects of changes in the hydrology at the river catchments (i.e. temperature and precipitation) and resulting shoreline variations.
• Effect of area loss due to sea level rise. A. Giardino et al. Ocean and Coastal Management 156 (2018) 249-265 A. Giardino et al. Ocean and Coastal Management 156 (2018) 249-265 3.2.2.3.1. Changes in SLR and offshore wave climate. Climate change scenarios from the end of the century (2070-2100, Section 2.3.4 and 2.3.5) are used in this section to force shoreline model runs for thirty years, to be compared with the thirty years reference model simulations.
The schematization of the coastline and the forcing locations in the shoreline model are the same as for the 2015 reference model. However, new wave model runs were carried out to account for the simulated climate change conditions which therefore will result into new wave forcing conditions for the shoreline model.
The changes in longshore transport pattern resulting from the two SLR scenarios of +0.3 m and +1.0 m and including a change in the offshore wave condition (+3% in wave height; clockwise rotation of 2°) are shown in Fig. 14 .
It can be clearly seen that the magnitude of the overall potential transport pattern becomes larger for both scenarios with respect to the reference case. This effect is mainly caused by the rotation of the wave climate and the increase in wave height of 3%. The relative effect of SLR from 0.3 m to 1.0 m on longshore transport patterns is minor and not larger than 20-30 m 3 /yr. The increase in transport rates varies at different locations along the entire West African coast (Fig. 14, panel below) . As a consequence, gradients in longshore transport will also change, which in turns will cause an additional response (i.e. accretion or erosion) of the shoreline.
The predicted relative coastline changes, after a 30 year simulation period, are shown in Fig. 15 . As expected, the rotation of the wave climate will induce an alternation of erosive and accretive trends, additionally to the reference situation, and with value up to about 2 m/yr, but generally lower than 1 m/yr. Maximum values can be seen near ports and at the Volta river delta. In fact, the wave sheltering effect induced by the presence of the ports and the river delta at these locations will be relatively larger due to the rotation of the wave climate, therefore inducing larger gradients.
It is important to stress that, changes in mean sea level, will also have a feedback on the local hydrodynamic conditions, in particular in shallow water, which in turn will result into additional changes on the local morphodynamics. As the study focuses on a large-scale, long-term assessment, this effect is not taken into account in the analysis.
3.2.2.3.2. Changes in sediment yield from the rivers. In this section, the effect of climate change on the sediment yield at the river catchments and the relative effects on predicted shoreline changes is simulated. In particular, a relative 6°C increase in temperature, and a +20% or −20% change in precipitation were taken into account. The climate change scenarios (i.e. temperature and precipitation) are described in Section 2.3.6.
The longshore transport patterns for the reference situation and the two climate change scenarios are shown in Fig. 16 (panel above) . It can be seen from this figure that the changes in sediment yield on the large scale sediment pattern are very minor and not noticeable. The changes have a local effect by inducing a sudden jump in the transport patterns near the river mouth (panel below). This jump is caused by the increased/decreased availability of sediments which can be transported along the coast, respectively for a case with a −20% and +20% of precipitation. It is important to mention that these results are based on a direct coupling between changes at the river catchments due to climate change and the relative effects at the river mouth. In reality, as already observed for the river dams, there is a time lag which can last several decades between possible observed changes at the river catchments induced by climate change, and the morphological changes observed at the river mouth.
The local effects of a change in sediment yield on relative coastline changes (i.e. with respect to the reference situation) can be seen in Fig. 17 . An increase in precipitation will decrease the sediment yield towards the coast (due to more vegetation) and will cause a general local regression of the coastline of maximum 30 cm/yr. The mechanism is vice versa for the situation with a −20% decrease in precipitation (where sediment yield will increase due to a decrease in vegetation).
The effect of the change in sediment yield is a maximum increased or decreased coastline change of approximately 30 cm per year. In the 30 year simulated period, this will contribute up to a maximum of 9 m of coastline retreat or advance. The effect of a change in sediment yield is almost a factor 10 smaller than the coastline changes induced by a A. Giardino et al. Ocean and Coastal Management 156 (2018) 249-265 change in sea level and wave direction. However, in reality both processes will affect the coastline at the same time and their effects will be combined. 3.2.2.3.3. Area loss due to SLR. In this section, the effect of coastal retreat and area loss induced by SLR is assessed by means of the very simplistic Bruun rule and applied on a theoretical Dean profile (Dean, 1977) . Dean (1977) related the cross-shore water depth to the crossshore distance, through a steepness factor depending on the sediment fall velocity. For the estimation of the cross-shore profile, a homogeneous sandy profile along the entire coast is used, with a mean grain size diameter of 250 μm and a depth of closure of 10 m. The predicted coastline retreat is then integrated along the length of the entire coastline. The increase in SLR is assumed to be linear over time until 2100. In reality, SLR rates are generally lower at present and they are assumed to increase at a faster rate towards the end of the century.
This may result in an overall area loss with a rate of about 0.25 m/ year, assuming a relative SLR of 0.3 m by 2100, up to a rate of about 0.8 m/year assuming a relative SLR of 1.0 m by 2100. The area losses induced by the different contributions analyzed as part of this study are also summarized in Table 6 .
Discussions
The results from the numerical modelling study presented in this paper have provided a quantification of the potential sediment transport and sediment budget along the West Africa coast in the current situation. Computed values are in line with values previously derived from literature for the different countries (e.g. Allersma and Tilmans (1993) ; Anthony (1995) ; Tilmans et al. (1995) , Anthony and Blivi (1999) ; Almar et al. (2015) . Moreover, the different scenarios have highlighted the inter-connection between the coastal systems and the rivers. In addition, climate change effects, either at the river catchments or at sea, can have an effect on the overall sediment budget.
The different mechanisms have been assessed separately as part of different scenario runs. In reality, the different processes all contribute, at the same time, to the total longshore transport and shoreline changes. In Table 6 , the net area loss and area gain per year over a 30 year period, over the entire region, resulting from the different contributions has been quantified. It is important to mention that, with the exception of the case of coastline retreat due to SLR, for all the other cases, coastline erosion at some locations is generally compensated by accretion at other locations. However, the focus of policy makers and local stakeholders is generally on the area loss, which may affect local population, infrastructures, and economic development at the areas affected by erosion. As an example, the effect of a major port is to cause erosion at the down-drift side of the port and accretion at the up-drift side.
The table shows that the effect of area loss due to the major ports is approximately in the same order of magnitude than the effect of coastal retreat due to SLR, when considering a SLR scenario of 0.3 m by 2100 (≈30 ha/year). However, if we consider a SLR of 1.0 m, the contribution of coastline retreat due to sea level rise, will be the largest of all the others (≈100 ha/year). The contributions due to changes in wave climate resulting from a lower wave dissipation (due to SLR), increase in offshore wave height and change in incoming wave direction will lead to an additional area loss of ≈15-20 ha/year. The removal of dams may lead to an increase in the amount of sediment towards the coast and therefore a gain in coastal area (≈20 ha/year). A decrease in precipitation will not result in any coastline losses (only accretion), while an increase in precipitation may result in an area loss of ≈1 ha/year as a result of more dense vegetation at the river catchments, which will retain more sediments. A. Giardino et al. Ocean and Coastal Management 156 (2018) 249-265 However, it is important to emphasize that these values are only indicative and are meant to provide an order of magnitude of the contribution to coastal erosion/accretion induced by the existing anthropogenic interventions and climate change scenarios. Therefore, the values should not be interpreted as exact values rather they provide an indication of their relative contribution and trends. Moreover, the coastline erosion on smaller scales will be influenced by site specific processes which are not taken into account in those large-scale and long-term assessments (see e.g. Hinkel et al., 2012) . Also, the climate change scenarios used in this paper, include a number of worst-case scenarios (e.g. sea level rise, precipitation, temperature).
Finally, it is important to mention that, as part of this study, only the effects of the major man-made interventions (i.e. ports and river dams) which are currently present in the region have been assessed. Nevertheless, other structures of smaller dimensions are present in the current situation. In addition, as a result of the economic growth in the region, new plans are being developed to construct or extend some of the structures already present in the region. Those new infrastructures may lead to additional erosion in the future, when no proper measures will be implemented to counteract any potential side-effect. Among possible measures which could be adopted to restore the natural sediment balance: the implementation of sediment by-passing systems around the major ports, the re-use of dredged sediments from the access channels towards the ports and a reduction in sedimentation in the upstream dams. The present study has shown implicitly the potential benefits that could arise from the implementation of such measures, such as accretion at the lee-side of the major ports, after implementation of sediment by-passing systems around ports, or sedimentation at the river deltas, after reduction of the trapping efficiency at the river dams.
An alternative to restore the natural sediment budget along the coast is the use of sediment resources from deeper water, which is currently barely used at the West African coast. Offshore sediment resources could be in fact used for the implementation of sand nourishments at locations affected by erosion.
Technical solutions to the coastal erosion problem will also require complementary actions at the governance level. A high priority action will be the involvements of the most relevant stakeholders, within the countries and from the different countries, working together towards the definition of an integrated regional sediment management plan for the region.
Conclusions: towards an integrated regional sediment management plan
In this study, a consistent large-scale sediment budget for the coastline of Côte d'Ivoire, Ghana, Togo and Benin has been derived. This has been used to quantify the effects of different human interventions (i.e. major ports and river dams) on the coastal system and possible trans-boundary implications. The effect of climate change (i.e. increase in wave conditions, change in wave direction, SLR, and variations in temperature and precipitation at the river catchments) on the large scale sediment transport and consequent shoreline changes has also been analyzed.
The study has shown how some of the man-made interventions have had major effects on the large-scale sediment budget and consequent shoreline changes. As an example, the effect of the port of Lomé in Togo may extend up over 50 km, therefore beyond the border between Togo and Benin. Large amount of sediments are also retained behind river dams. The modelling system has shown that, if this sediment yield would be released from the dams, this could promote sediment accretion at the coast up to several meters per year. This is especially evident at the Volta river, which used to carry the highest sediment discharge at the coast, and where major river dams (e.g. the Akosombo dam) have now been built.
The effects of the current major ports on coastal erosion will be of the same order of magnitude as the effect of SLR, when considering lower SLR scenarios (RCP 4.5). However, SLR may overrule the effect of the other man-made interventions by the end of the century if considering the largest predicted sea level rise scenarios (RCP 8.5 ). This of course will depend on the actual SLR, as well as the possible developments of new structures along the coast and at the river basins, which may lead to additional erosion.
Possible changes in offshore wave conditions induced by climate change (i.e. wave height and incoming wave direction) may lead to changes in gradients of longshore transport, which in turns will cause a response (i.e. local accretion or erosion) of the shoreline up to 1-2 m/y. Finally, possible changes at the river catchments related to climate change (e.g. changes in precipitation or temperature) will only result into localized changes at the coastline.
The study clearly pointed out the interdependency between different interventions, either along the rivers or at the coast on the overall sediment budget. As these effects do not pay heed to geographical boundaries and considering the severity of the current coastal erosion problems in the region, it is highly advisable that a large-scale integrated sediment management plan is set-up. Such a plan should, on the one hand, aim at creating awareness between policy makers in the different countries about current and future challenges in relation to sediment management and the need of a common strategy to tackle those problems. On the other hand, the plan should provide the basis for the development of a common policy in relation to sediment management, with identification of common objectives, priorities, strategies and timeframes to achieve those. The fragmentation of actors and responsibilities between West African countries, and even within the same country, has hampered the planning of effective and sustainable solutions for decades. Although the compliance with legal and regulatory frameworks is obviously a challenge that pertains to state sovereignty, the building of consensus and of a common strategy to deal with coastal erosion are necessary mechanisms to support the implementation of this plan. This sediment management plan could be supported by the use of a common, and cross-boundary, numerical modelling study as described in the paper, and implemented following a A. Giardino et al. Ocean and Coastal Management 156 (2018) 249-265 collaborative modelling approach (Basco-Carrera et al., 2017) .
Complementary to actions at the governance level, the plan should define how those strategies could be implemented in practice (e.g. how much sediment is required to tackle coastal erosion, where and how much sediment resources are available etc.). Finally, the plan should promote the development of a regional monitoring system to evaluate the efficiency of the coastal erosion policy and of the planned interventions, building upon already existing studies and initiatives (e.g. UEMOA, 2011; . The setting up of such a sediment management plan is especially important, in view of the new expected infrastructural developments in the region, which may worsen the already critical current situation.
